Introduction
Many seismic processing techniques, particularly migration, have strict requirements on the regular spatial distribution of traces. As a consequence, datasets that do not fulfill these requirements, including most 3D land surveys, will suffer from poor processing results. Although not a substitute for wellsampled field data, data reconstruction or interpolation performed on pre-stack seismic data can provide useful data preconditioning that allows these processing techniques to work better, and hence provide a superior result.
This preconditioning of pre-stack data can include:
Filling gaps in acquisition geometry Increasing trace density to increase fold or allow a reduction in bin size Regularizing data to bin centre on a regular grid Improving offset and azimuth distribution
For narrow-azimuth marine data, 2D and 3D reconstruction techniques have been successful as the data have been relatively well sampled.
With wide azimuth geometries such as those commonly used for 3D land and ocean bottom node (OBN) or cable (OBC) surveys it is necessary to use an algorithm that respects all recording dimensions. In addition to the inline and crossline directions this means also using the offset and azimuth, or alternatively offset-x and offset-y directions which are consistent with common offset vector (COV) processing.
To achieve this, algorithms must use a larger number of spatial dimensions than have been previously used. In particular, simultaneous interpolation in five data dimensions will honour temporal, spatial (x,y), offset and azimuthal variations in the data. This approach will ensure a preserved amplitude versus offset (AVO) and amplitude versus azimuth (AVAz) result for pre-stack seismic data.
As well as discussing methods for implementing 5D interpolation we will look at case studies showing how this technology can improve processing for a range of different datasets and its potential for bringing new life to legacy data. 
Interpolation beyond aliasing
We have developed an algorithm that performs a forward irregular Fourier transform in all five data dimensions simultaneously to build a representation of the data in the frequency domain. The reverse transform can then be used either to output the data on a regular grid for full regularisation or to generate additional data along infill source and receiver lines.
The appeal of the second approach is that the original data is retained rather than being replaced by fully regularised data. This could be of interest to cases where the original data is particularly sparse, or there are concerns about the fidelity of the regularisation.
As the input data are often coarsely sampled, it is important to use an algorithm that can decompose energy beyond aliasing. This can be achieved using an anti-leakage Fourier transform which prevents the spectral/frequency leakage of energy from large amplitude events.
Without an appropriate strategy, this energy can leak to all other frequencies when the Fourier summations are performed on an irregularly sampled grid. This would result in poor preservation of amplitude during interpolation and regularisation
Anti-leakage Fourier transform
For standard Fourier summation the sequence of solving for each Fourier coefficient has no effect on the final results. However, for irregularly sampled data it is crucial as the coefficients of larger magnitudes will have more leakage than those with smaller ones.
For our anti-leakage Fourier transform we estimate Fourier coefficients recursively, beginning with the one with the maximum energy and proceeding down to the one with the minimum energy. After each coefficient is estimated it is effectively removed from the input data, thus significantly reducing spectral leakage.
Furthermore, the final updated input data on the irregular grid will tend to zero after all the subtraction operations. This implies the reconstructed data from the obtained Fourier coefficients will fit the original measurements and meet the requirements for interpolation of seismic data.
We have extended the anti-leakage Fourier transform to higher dimensions to provide interpolation for irregularly sampled wide azimuth datasets.
Applications and examples
The 5D wide azimuth interpolation algorithm has applications anywhere that 2D or 3D techniques will experience difficulty, i.e. anywhere the sampling of 3D and wide azimuth seismic data is sparse, irregular and aliasing is a potential issue:
Suitable acquisition geometries: 3D land data 3D OBN or OBC data 3D marine narrow-azimuth where cable feather is a problem Applications: Regularisation for migration and SRME Pre-stack merging of different datasets to a common grid 4D mapping of base and monitor data to a common grid Improving the quality of pre-stack gathes for velocity analysis, noise attenuation, multiple attenuation and AVO analysis
Example 1 -irregular land data
The first example from a 3D land survey shows the typical challenges faced in this environment. Shot and receiver lines are sparse to keep the survey cost down and surface obstructions cause gaps in the geometry. In this case a river channel running through the survey area leads to gaps in the receiver lines. Through the use of an airgun source in the river it has been possible to infill some of the source line gaps.
The resulting raw stack from this survey shows the effects of the missing near offsets due to the river channel and has the typical noisy character of land seismic.
5D interpolation has been applied in two different modes for comparison. The first application was to reconstruct data for additional source and receiver lines whilst preserving the original data. The gaps in the source and receiver lines have been filled and their interval has been halved increasing the fold and removing the gaps in coverage. As a result the stack shows improved continuity and signal to noise. The second application of 5D interpolation was to perform a full regularisation of the dataset to a regular CMP grid. This results in a further, incremental improvement in the quality of the stack with the main improvement being signal-to-noise. In both cases the anti-leakage Fourier transform has ensured that the amplitudes of crossing events (as seen on the flank of the structure) have been preserved. This is an important aspect of the technique as we need to preserve all the seismic information to ensure accurate amplitudes for imaging and pre-stack analysis. 
Example 2 -ocean bottom cable data
The second example shows the application of the technique to an OBC dataset acquired with an orthogonal geometry. It also illustrates the pitfalls of using a limited number of dimensions for interpolation. The dataset has been processed in 30 degree azimuth sectors. 2D, 3D and 5D interpolation has been tested to regularise the data and improve fold for imaging.
Firstly 2D interpolation has been applied in two orthogonal directions (two orthogonal azimuth sectors). Since the geometry does not have a preferential "inline" direction the 2D interpolation is faced with sparse sampling, especially at near offsets. This means that the 2D interpolation is of limited use and large gaps remain in the data.
The 3D interpolation was used with a large spatial operator to ensure that all the gaps were filled, even at near offsets. However there is a compromise between the ability to fill gaps and preserve the details of the data. Unfortunately the result of using a large operator is that the highwavenumber, steep-dip information has been lost resulting in a "smooth" regularised dataset which lacks important details such as diffraction hyperbolae.
5D interpolation is able to fill the gaps in the data using a smaller operator which does preserve the details in the data. This is because it can interpolate using the best sampled dimension available in each case, whether it is azimuth, offset or CMP x and y coordinates. As a result of interpolation and regularisation the migration artefacts which create noise on the irregularly sampled dataset (Fig 4 top panel) are suppressed resulting in a clearer image with higher signal to nose (Fig 4 bottom  panel) .
Conclusions
By extending the anti-leakage Fourier transform to higher dimensions we have created a practical solution for the interpolation and regularisation of wide azimuth datasets. By using up to 5 dimensions this algorithm is capable of filling gaps, increasing fold and improving the offset and azimuth coverage of datasets whilst preserving AVO, AVAZ and the fine details of the seismic wavefield.
Although not a substitute for recording a well-sampled dataset, 5D wide azimuth interpolation can help recover from the limitations of acquisition constraints, such as surface obstructions. It also provides effective pre-conditioning for seismic data processing which often assumes that our data is regularly sampled when in truth it is sparse and irregular in nature.
